Abstract: Aldehyde dehydrogenase (ALDH) superfamily is a group of enzymes metabolizing endogenous and exogenous aldehydes. Using differential display RT-PCR and cDNA library screening, a full-length aldehyde dehydrogenase cDNA (ALDH7B7) was isolated from rice leaves infected by incompatible race of blast fungus Magnaporthe grisea. The deduced amino acid sequence consists of 509 amino acid residues and shares 74∼81% identity with those of ALDH7Bs from other plants. ALDH7B7 expression was induced by blast fungus infection, ultraviolet, mechanical wound in rice leaves and was not detected in untreated rice organs. This gene has also been found to be inducible after exogenous phytohormones application, such as salicylic acid, methyl ester of jasmonic acid and abscisic acid. The function of ALDH7B7 in the interaction process between blast fungus and rice is discussed.
Introduction
Aldehydes are intermediates of many biochemical pathways that can be generated from various endogenous sources (metabolism of carbohydrates, amino acids, vitamins, steroids and lipids) as well as exogenous sources, such as abiotic and biotic stress (Sophos & Vasiliou 2003; Sunkar et al. 2003) . They have important physiological and biological function in organisms. Previous findings suggest that some aldehydes may have a signaling function (Blée 1998; Weber et al. 2004 ). However, many aldehydes can be harmful to organisms if their amount exceeds normal level in vivo (Lindahl 1992) . Therefore, it is vital for organisms to maintain the concentrations of active aldehydes at normal and nontoxic levels.
One of the most important pathways for the metabolism of aldehydes is their oxidation to corresponding carboxylic acids by the large family of NAD(P) + -dependent aldehyde dehydrogenases (aldehyde : NAD(P) + oxidoreductases; EC 1.2.1.x) (ALDHs) (Lindahl & Petersen 1991; Yoshida et al. 1998; Perozich et al. 1999; Vasiliou et al. 1999) . Protein sequence comparisons of the eukaryotic ALDHs have identified 21 families (Sophos & Vasiliou 2003) . In plants there have been 11 ALDH families identified to date: ALDH2, ALDH3, ALDH5, ALDH6, ALDH7, ALDH10, ALDH11, ALDH12, ALDH18, ALDH19, and ALDH21. The families ALDH11, ALDH19 and ALDH21 are unique to plants and, more recently, ALDH sequences encoding members of a novel family, ALDH22, have been identified in Arabidopsis, maize, and rice genomes (Kirch et al. 2004) .
Rf2 (ALDH2) is the first isolated plant ALDH gene from maize and its activity is required to restore male fertility to T cytoplasm maize (Cui et al. 1996; Liu et al. 2001; Kirch et al. 2004) . Among the plant ALDHs, the ALDH3, ALDH5, ALDH7, ALDH10, ALDH11 and ALDH12 belong to stress-related families. ALDH3 and ALDH5 families are involved in the detoxification of reactive aldehydes species (Bouché et al. 2003; Sunkar et al. 2003) , whereas the families ALDH10, ALDH11 and ALDH12 act primarily in cellular osmoregulation by catalyzing the synthesis of osmoprotectant (Kirch et al. 2004) . Among the stress-associated ALDHs, the members of the ALDH7 family, also designated as antiquitins, consist of two subfamilies: ALDH7A comprised exclusively of animal sequences and ALDH7B covering exclusively sequences originated from plants (Sophos et al. 2001) .
The physiological function of ALDH7 is believed to be related to the regulation of cellular turgor pressure. In humans, the ALDH7 gene is expressed in the cochlea and kidney where osmotic balance must be maintained for proper function (Skvorak et al. 1997 ) and failure to express these genes may be associated with the development of paroxysmal nocturnal hemoglobulinuria (Kanai et al. 1999) . Tang et al (2002) reported the first purification of the antiquitin protein from the liver of black seabrean and demonstrated that this protein is an enzyme with aldehyde-oxidizing activity that enables one to do a direct functional protein assay. The plant ALDH7B homologue genes have been cloned from Pisum sativum (ALDH7B1 e.g., 26g; Guerrero et al. 1990 ), Brassica napus (ALDH7B3 e.g., Btg-26; Stroeher et al. 1995) , Malus domestica (ALDH7B5 e.g., MF-60; Yamada et al. 1999) , Sorghum bicolor (ALDH7B2; direct GenBank submission), Arabidopsis thaliana (ALDH7B4; Kirch et al. 2005) , Tortula ruralis (ALDH7B6; Chen et al. 2002) and Glycine max (Gm TP55; Rodrigues et al. 2006) . These genes are induced by water deprivation and exposure to high salinity and abscisic acid (ABA). On the other hand, the ALDH7B6 gene from the moss T. ruralis is constitutively expressed in response to osmotic stress and ABA (Chen et al. 2002) . But recent study suggested that the Gm TP55 gene from G. max might be involved in the detoxification of reactive aldehyde species generated by oxidative stress-associated lipid peroxidation (Rodrigues et al. 2006 ) and ALDH7B4 from A. thaliana not only function as aldehyde detoxifying enzymes, but also as efficient reactive oxygen species scavengers and lipid peroxidation-inhibiting enzymes (Kirch et al. 2005 , Kotchoni et al. 2006 . However, the exact physiological functions of members of the ALDH7 family remain to be elucidated.
Rice is a model monocot species and one of the most economically important crops in the world. Rice blast disease caused by the fungal pathogen Magnaporthe grisea is one of the most devastating plant diseases worldwide (Valent & Chumley 1991) . Identification of genes that participate in the interaction between rice and blast is greatly helpful to elucidate the molecular mechanism of this disease. The present study reports on the isolation of an aldehyde dehydrogenase gene (ALDH7B7) and discuss the regulation of its expression, as affected by pathogen inoculation, abiotic stress, and phytohormones.
Material and methods
Plant materials, pathogen growth and treatments Rice (Oryza sativa cv. Aichiasahi) and blast fungus (Magnaporthe grisea) were prepared as described previously (Peng & Shishiyama 1988) . Two races of M. grisea were used: 007 and 131. The rice cultivar used is susceptible to race 007 and resistant to race 131. The conidia were suspended in a sterile solution of 0.025% Tween 20 and the concentration of conidia was adjusted to 5×10 5 /mL for inoculation. Rice plants at the five-leaf stage were inoculated with blast fungus by spraying them with conidial suspension as described previously (Peng & Shishiyama 1988) . Same-stage rice plants sprayed with a sterile solution of 0.025% Tween 20 were used as controls (mock-inoculated). For other treatments, salicylic acid (SA; 10 mM, Sangon, China), methyl jasmonate (MeJA; 100 µM, Sigma), and abscisic acid (ABA; 600 µM, Sigma) solutions were sprayed on the adaxial surface of five-leaf rice plants and the control treatment was same as above. When the fifth leaves were fully expanded, the 120 rice seedlings were sprayed with 40 mL solution, respectively. For the UV treatment, the leaves were placed under a UV lamp (25 W) at a distance of 30 cm and irradiated for 15 min. For mechanical wounding, the leaves were scraped with sandpaper along the vein until a distinct scar appeared. Healthy, untreated rice plants were used as controls for the UV and mechanical wounding treatments. After treatments, all rice plants were kept in dark boxes with appropriate humidity at 28
• C for 36 h, followed by continuous light. The middle parts of the treated fifth leaves were collected, frozen quickly in liquid nitrogen and stored at −80
Differential display RT-PCR and reverse northern Rice total RNA was extracted by the guanidine thiocyanate method (Chomeznski & Sacchi 1987) . Reverse transcription was performed according to the manufacturer's (TaKaRa, Japan) protocol. Total RNA from plants inoculated with M. grisea 131, or mock-inoculated rice leaves, collected at 36, 40 and 48 h after inoculation was used to perform differential display RT-PCR (Liang & Pardee 1992) . The oligonucleotide TGCCGAAGC(T11)(G/A/C) was used as the anchor primer, and the other primer was 5'-
(this primer was designed according to the amino acid sequences of OsPOG, a blast-induced protein extracted in our laboratory). PCR amplification conditions were as follows: an initial denaturation at 95 The differentially displayed cDNA fragments from race 131 inoculated rice leaves were recovered as previously described (Liang & Pardee 1992) and were subcloned into pGEM-Teasy vector (Promega Corp., Madison, WI, USA) and transformed to Escherichia coli strain XL1-Blue by electro-transformation (Sambrook et al., 1989) . Differentially expression of cDNAs was confirmed by reverse northern blot analysis (Zhang et al. 1997 ) and sequenced.
The differentially displayed fragments were dotted equally onto two nylon membranes with 1cm intervals and were fixed by heating the membranes in a vacuum oven at 80
• C for 2 h. Probes used were cDNAs transcribed from mRNAs of control and the incompatible race-infected rice leaves collected at 36, 40 and 48 h after inoculation. The probes were labeled as previously described (Zhang et al. 1997 ). The pre-hybridization and hybridization were performed as described by Sambrook & Russell (2001) in Church buffer (1% BSA, 1 mM EDTA, 0.25 M NaHPO4 (pH 7.2), 7% SDS) at 65
• C. The membranes were rinsed using 0.2×SSC, 0.1% SDS at 65
• C and exposed to autoradiography films at −80
cDNA library screening The full-length cDNA of ALDH7B7 was isolated from a cDNA library that was constructed using mRNA from rice leaves infected by the incompatible race 131 in our laboratory. The differentially displayed fragment used as the probe was labeled with α− 32 P-dCTP using Random Primer DNA Labeling Kit (TaKaRa, Japan). The cDNA library screening was performed according to manufacture's protocol (Stratagene Co.). The positive clone with the longest insert was subjected to sequencing and the full-length sequence was submitted to GeneBank (Accession No. AF323586).
RNA gel bot analysis
Rice total RNA samples were electrophoresed on a 1% (w/v) denatured agarose gel containing formaldehyde and blotted onto a nylon membrane and hybridization was performed using standard method (Sambrook & Russell 2001) . Membranes were hybridized with α− 32 P-dCTP-labeled genespecific probe (3'-untranslation region of ALDH7B7) at high stringency at 65
• C for 12 h and then were washed twice in 2×SSC, 0.1% (w/v) SDS at 65
• C for 5 min, twice in 0.5×SSC, 0.1% (w/v) SDS at 65
• C for 10 min. The membranes were exposed to an imaging plate and the location of the labeled compounds was visualized using imaging system analyzer STORM-820 (Molecular Devices Co., USA).
Results and discussion
Differential display RT-PCR revealed five clearly differential bands derived from mRNAs from incompatible race infected leaves as compared with those from the mock inoculation (data not shown). These cDNAs were confirmed by reverse northern blot analysis (Zhang et al. 1997 ) and sequenced (data not shown). One of the cloned cDNA fragments (450 bp) showed sequence similarity with a partial sequence of aldehyde dehydrogenase from Sorghum bicolor (ALDH7B2; GenBank accession No. U87982).
Using the differentially displayed fragment as a probe, we isolated the full-length cDNA of this gene by screening a cDNA library constructed from mRNA isolated from rice leaves infected by the incompatible blast fungus race 131. Ten positive clones were identified from 1.5×10 5 pfu of the cDNA library, and DNA sequencing of the longest positive clone showed that the cDNA length is 1960 bp with an intact open reading frame encoding a putative protein with 509 amino acid residues (54,491 Da, pI 7.07). This putative protein sequence shares 74-81% identity with ALDH7Bs from other plants, and retains 58% identity with ALDH7A1 from human and ALDH7A2 from C. elegans (Fig. 1) . Based on the phylogenetic tree ( Fig. 2) and according to the criteria established by the ALDH Gene Nomenclature Committee (Vasilious et al. 1999) , this rice gene is a member of the ALDH7B sub-family and designated as ALDH7B7.
Furthermore, the ALDH7B7 protein contains the active-site signature with glutamic acid 266 LELSGN- NA 273 (Prosite PS 00687; Perozich et al. 1999 ) and a hydrophobic region 159 VGVITAFNFPCAVLGWNA-CIAL 180 ( Fig. 1 ) (Guerrero et al. 1990; Lee et al. 1994 ), both specific for ALDHs. According to the program SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP), no signal peptide or organelle targeting signal is predicted in the ALDH7B7 amino acid sequence, indicating that ALDH7B7 is possibly a cytosolic enzyme. Alignment of the ALDH7B7 cDNA with rice genomic sequences (http://www.tmri.org/) demonstrated that ALDH7B7 is a single-copy gene located on chromosome IX.
We examined the ALDH7B7 expression pattern in different organs of untreated rice plants. No transcripts were detected in rice roots, stems, flowers, young leaves or old leaves of healthy plants (Fig. 3a) , indicating that ALDH7B7 has no function in the normal growth and development of rice.
As shown in Figure 3b , both incompatible and compatible races of the rice blast fungus induced expression of ALDH7B7 in cultivar Aichiasahi. In compatible interactions expression of ALDH7B7 mRNA could be detected from 8 h post inoculation (hpi): firstly peaking 16 hpi and then decreasing but secondly peaking from 48 hpi to 60 hpi. On the other hand in incompatible interactions expression occurred 8 h later than in compatible ones and the peak occurred 24 hpi and then decreased. Weaker mRNA signal was detected in the control leaves from 36 hpi to 60 hpi. These results suggest that ALDH7B7 gene induction was not involved in race-specific resistance of rice to blast fungus.
In our study 80% of the germination tubes formed appressoria on epidermis 8 hpi and 80% of these formed penetration pegs after 24 h. Expression of ALDH7B7 in the interaction of rice and blast fungus preceded the penetration of the pathogen (Peng & Shishiyama 1988) and was an early event. These results indicate that accumulation of this gene in the interaction process might be because of the early fungus penetration and ALDH7B7 may be a factor in the Fig. 3 . RNA gel blot analysis of ALDH7B7 expression patterns. (a) Expression of ALDH7B7 in different rice organs: R, root; S, stem; F, flower; OL, old leaves; YL, young leaves. Total RNA (20 µg per lane) was separated on a 1% formaldehyde-agarose gel and then transferred to a hybond N+ nylon membrane. Equal loading of total RNA was verified by using rice 17S rDNA as an internal control. (b) Expression of ALDH7B7 in blast fungus-infected rice leaves. Total RNAs were isolated from fifth leaves infected with incompatible race 131, compatible race 007, or mock-inoculated (CK) leaves at the specified times after inoculation. (c) Induction of ALDH7B7 after exogenous phytohormone application. Young rice plants were sprayed with 10 mM SA, 100 µM MeJA and 600 µM ABA solutions (mock treatment was the same as with blast inoculation). (d) Expression of ALDH7B7 in rice leaves treated with UV irradiation or mechanically wounded. CK is the control in which total RNA was extracted from untreated rice.
process of perception and recognition of fungus and rice.
UV and wounding harm rice directly, and large dark stripes could be observed on rice leaves after UV treatment. Mechanical wounding and UV irradiation can also induce ALDH7B7 mRNA accumulation 8 hpi (Fig. 3d) . The signal was decreased 8 hpi, peaked 48 hpi and maintained to 60 hpi on UV treatment. For wounding, the signal peaked 36 hpi and then decreased. No hybridization signal could be detected in controls.
There are several studies speculated that ALDH7 family plays a role in the maintenance of osmotic home-ostasis, e.g., human ALDH7A1 is expressed in the inner ear which depends on osmotic balance for proper function (Skvorak et al. 1997 ); almost all the ALDH7 genes from plant previously studied are induced by salinity and dehydration (Guerrero et al. 1990; Stroeher et al. 1995; Kirch et al. 2005) . Recent reports suggested that Gm TP55 from G. max and ALDH7B4 from A. thaliana might be involved in the detoxification of reactive aldehyde species generated by oxidative stress-associated lipid peroxidation (Kirch et al. 2005; Kotchoni et al. 2006; Rodrigues et al. 2006) .
Interaction between rice and blast, whether compatible or incompatible, leads to cell death in rice. In incompatible interactions a hypersensitive response could occur quickly and strongly whereas in compatible reaction the hypersensitive response is delayed or occurs more weakly and disease necrosis appears soon (Hammond-Kosack & Jones 1996) . Since the previous histological observations have shown that, even in incompatible interactions, less than half of the infection sites generated necrosis associated with susceptibility, and in the remaining infection sites cell lesions were observed and the pathogen was arrested (Peng & Shishiyama 1988) , the ALDH7B7 may therefore also be a factor in the formation of pathogen-induced necrosis. After penetration of pathogen, it is maybe necrosis which continuously induced the ALDH7B7 transcription but the exact function of ALDH7B7 has to be further studied.
Both salicylic-acid-dependent and jasmonic-aciddependent signaling pathways are known to occur in the plant defense response (Dong 1998; Pieterse & van Loon 1999; Clarke et al. 2000) . SA may act as a key signal molecule in systemic acquired resistance (Ward et al. 1991; Ryals et al. 1996; Dong 1998; Clarke et al. 2000) and induce a series of the systemic acquired resistance-marker proteins. Sano et al. (1994) have reported that mechanical wounding induces SA in transgenic tobacco, and wound signals overlap with pathogen signaling pathways. ABA is one important regulator in the adaptation of plants to environmental stress (Leon et al. 2001) . In this study, SA induced ALDH7B7 transcript accumulation as early as 8 hpi and the level decreased to the same level as control 24 hpi (Fig. 3c) . The signal was detected 8 hpi on MeJA treatment, peaking 24 hpi and then decreasing to the control level (Fig. 3c) . ABA induced ALDH7B7 mRNA accumulation 8 hpi and the mRNA level hold the line until 60 hpi (Fig. 3c) , which is consistent with the report of Kirch et al (2005) on ALDH7B4 from Arabidopsis induced by ABA. These results suggest that, in addition to necrosis formation, ALDH7B7 may have other functions under different conditions, for example when stimulated by phytohormones.
